INTRODUCTION
Accurate friction measurement at nanoscale is critical in reliable micro-and nano-device design. Different values of coefficient of friction (COF) have been reported in the literature for the same material when different instruments and tip sizes were used [1] [2] [3] . We have conducted a series of experiments to delineate the effects of different tip sizes and shapes on friction as a function of load and found that friction force values under the elastic contact regime for various tips can be unified when plotted against the tip cross-sectional area in the direction of sliding. This observation implies a volumetric dependence of friction that has not been reported before in the elastic regime.
EXPERIMENTAL
Friction measurements were carried out using a modified Hysitron TriboIndenter apparatus with capacitive force transducers, under continuous purge of nitrogen gas. Three diamond tips of 0.5 µm, 1.2 µm, and 4 µm in radius slid on fused silica and silicon (100) surfaces at different values of load. The tip and substrate combination minimized adhesion.
RESULTS
Figure 1 presents friction force values measured when diamond tips slid on fused silica surface as a function of load. The data, when viewed as a whole, do not exhibit a linear relationship as expected from Amontons' law. In addition, different friction force values are observed for different tips. It appears that there exists a scaling issue.
Plowing has been suggested as a source of interference to nanofriction [1] [2] [3] . We imaged the silica and silicon surfaces after friction measurements using an atomic force microscopy (AFM), and indeed found nanometer-deep grooves beyond certain high loads, indicative of plastic deformation. Excluding the data points associated with grooves, Figure 2 What is the origin of the observed COF difference for these tips? If adhesion plays a role, the friction force should be proportional to the contact area [4] . We computed the contact area based on tip contact depth and the tip geometry. We have assumed that the contact depth was one half of the tip penetration depth [5] . The latter was recorded by the TriboIndenter during friction measurement. Figure 3 shows the measured friction force as a function of contact area. It is clear from the figure that the friction force does not exhibit a linear relationship with the contact area, and it also depends on the tip size; therefore, adhesion is not a factor.
We now analyze the friction in terms of the projected cross section area of the tip-substrate contact in the tip sliding direction. Such analysis is common in studies of friction in the plastic deformation region [2] . It implies that the work done to overcome the friction force has a volumetric dependence. We adopt it in this paper to analyze the friction force in the elastic regime. The analysis requires detailed tip geometry. We measured the geometry of each tip directly by AFM. Figure  4 (a) shows the 1.2 µm tip, which has a nearly spherical shape. The 0.5 µm tip is also nearly spherical. The tip having a nominal radius of 4 µm actually resembles an ellipsoid, as shown in Fig. 4(b) . The long and short axis radii were 6.4 µm and 2.8 µm, respectively. Figure 5 shows the measured friction force versus the cross section area for the fused silica substrate. A striking observation is that all the friction data, regardless of tip shape and size, follow a common straight line.
Similar results have been obtained for the silicon substrate. All the friction force data in the elastic contact regime, regardless of tip shape and size, also follow a common straight line when plotted against the cross section area. There are substantial differences between the two substrate materials used in this study. Fused silica is an amorphous insulator while silicon is a crystalline semiconductor. Yet they exhibit a common friction phenomenon.
This observed behavior of friction is very similar to plowing in the plastic deformation regime, but it occurred in the elastic regime. In other words, the frictional resistance appears to come from pushing the substrate materials in front of the diamond tip, which penetrated into the substrate with depths between 10 nm and 100 nm. However, the substrate material recovered after the tip had passed. This phenomenon, observed in the elastic regime, perhaps could be called elastic plowing to emphasis its similarity with plowing commonly observed in the plastic regime.
In summary, we measured friction on fused silica and silicon surfaces. We observed nonlinearity of friction force versus load, which can be explained by plowing. Under the elastic contact regime, different COF values were observed for different tips. Friction force values under the elastic regime can be unified when plotted against the tip cross-sectional area in the direction of sliding from various tip sizes and shapes. This new phenomenon perhaps could be called elastic plowing.
